To determine the cardiac and peripheral circulatory responses to changes in afterload with angiotension and vasopressin, we increased mean aortic pressure 25% and 50% above control in splenectomized and ganglion-blocked dogs. We compared these responses to similar mechanical increases in aortic pressure produced by partial balloon occlusion of the descending aorta. With 25% or 50% increases in aortic pressure, angiotensin, vasopressin, and balloon inflation produced no changes in heart rate, right atrial, and mean pulmonary artery pressures. At 25% increase in aortic pressure, cardiac output was maintained with angiotensin and balloon occlusion but decreased with vasopressin. At 50% increase in aortic pressure, cardiac output was maintained with only bailloon occlusion and decreased with both angiotensin and vasopressin. Whenever cardiac output fell, central blood volume did not increase as afterload increased. These changes in preload can be explained by alterations in the venous circulation. Vasopressin did not alter venous compliance or unstressed vascular volume but increased resistance to venous return. Angiotensin also increased resistance to venous return but decreased venous compliance and did not change unstressed vascular volume. Balloon occlusion had no effects on these parameters. We conclude that: (a) angiotensin caused significant venoconstriction resulting in maintenance of cardiac output at 25% but not 50% increase in aortic pressure; (b) vasopressin increased the resistance to venous return without venoconstriction; this resulted in a fall in cardiac output even with a 25% increase in aortic pressure; and (c) the effects of the agents on the venous circulation were independent of the mechanical effects of a pressure increase in the arterial circulation.
Introduction
It has been well established that forward flow, within physiologic limits, in the normal heart is not afterload dependent. Cardiac output is maintained with mechanical increases in mean aortic pressures up to 180 mmHg (1) . This information has to be reconciled with recent reports which show that humoral mediated increases in aortic pressure with angiotensin and vasoprpssin result in decreases in cardiac output (2, 3) . A potential explanation for these differences may be the effects of these agents on the peripheral venous circulation. Changes in venous tone and the resulting blood volume shifts are known to alter cardiac output (4, 5) .
The clinical importance of the effects of angiotensin and vasopressin have recently received attention because serum levels of these hormones are elevated in patients with congestive heart failure (6, 7) . The increase in the levels of angiotensin and vasopressin are thought to be responsible for the generalized vasoconstriction in heart failure. Consequently, the use of specific antagonists as vasodilating agents to treat patients with heart failure has been advocated (8) . To understand how these treatment regimens might affect patients, we have to first determine the complete consequences of humorally mediated vasoconstriction. Although the arterial constricting properties of these hormones are well appreciated, their effects on the venous circulation and subsequent volume shifts are poorly understood.
We have recently developed an experimental model in dogs to study the heart and peripheral circulation simultaneously and to examine volume shifts between the different cardiovascular compartments after an intervention (4) . This is especially important when loading conditions of the heart are altered. In this model, splenectomies were performed to eliminate volume shifts that occur in dogs because the spleen is a large volume reservoir. Ganglion blockade was used to evaluate the direct effects of angiotensin and vasopressin independent of active reflexes.
The purpose of this study was to define the cardiac and peripheral circulatory effects of angiotensin and vasopressin. The effects of these hormones were compared to those resulting from mechanical increases in afterload produced by percutaneous placement of a balloon which partially occluded the descending aorta and increased aortic pressure. This mechanical increase in pressure was used to determine whether the alterations in the peripheral circulation were direct effects of these agents or were due to mechanical increases in afterload.
Methods

Materials
Seven mongrel dogs (21 ±+1 kg) were used for the angiotensin and vasopressin studies. These animals were sedated with diazepam (0.5 mg/kg) and hydromorphone (0.02 mg/kg), anesthetized with halothane and nitrous oxide, and intubated for arterial and central line placements. A 7 French (Fr) thermodilution, flow-directed pulmonary artery catheter was inserted percutaneously in the right external jugular vein and advanced into the pulmonary artery. A 7 Fr angiographic micromanometer tip catheter (Millar Instruments, Inc., Houston, TX) was inserted percutaneously via the left femoral artery for left ventricular and aortic pressure measurements. An additional 14-gauge plastic catheter was placed in the foreleg for intravenous access and blood volume exchanges. All animals were then placed on their left side on a warming blanket and extubated. Diazepam and hydromorphone were given for continued sedation and analgesia after recovery from general anesthesia. line (3-10 mg) into the superior vena cava as previously described from our laboratory and others ( Fig. 1) (1 1, 12) . This model assumes that the arterial pressure initially decays monoexponentially as a function oftime from an initial driving pressure with a rate constant kA3.
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where k, is the APP (mmHg), k2 is the arterial driving pressure (mm Hg), and P(t) is the instantaneous pressure (mmHg). Arterial compliance was then calculated: T= CR, (2) where T is the time constant, C is compliance (ml/mmHg), and R is the systemic vascular resistance (mmHg min/kg. ml).
The aortic pressure recorded during acetylcholine-induced circulatory arrests was digitized and entered into the computer (model 2100, Hewlett Packard Co., Palo Alto, CA). According to Eq. 1, the time constant is inversely proportional to the slope of a plot of In pressure vs. time. Compliance was calculated from Eq. 2. The volume ofblood shifted into or out of the arterial system is equal to the product of arterial compliance and the change in mean aortic pressure (12) .
Experimental protocol
After baseline studies were performed including measurements of hemodynamics, MCFP, venous and arterial compliances, angiotensin (0.01-0.02 Ag/kg * min) and vasopressin (3.5-5.0 ng/kg * min) were infused in random order to increase arterial pressure 25% above control. When the pressure was stable for 15 min, repeat hemodynamics including MCFP were measured. Repeat baseline values including MCFP were obtained and then in random order, angiotensin (0.03-0.05 ug/kg. min) or vasopressin (7.0-10.0 ng/kg. min) as infused to increase arterial pressure 50% above control. When the pressure was stable for 15 min, repeat measurements of hemodynamics were done. During the 50% increase in aortic pressure venous and arterial compliances were measured as described above. Each intervention value was compared to its respective baseline.
In four separate dogs aortic pressure was increased 25% and 50% mechanically. Experiments were performed after splenectomy and the dogs were instrumented as described above. Ganglion blockade was achieved with hexamethonium chloride (30 mg/kg). In addition, an arterial cutdown was performed on the right carotid and right and left femoral arteries. Under fluoroscopic guidance a 7 Fr micrommanometer catheter was placed in the left ventricle. A 25-mm balloon catheter specially designed (Datascope Inc., Oakland, NJ) was advanced through the left femoral artery into the descending aorta. Through the right femoral artery a 5 Fr pigtail and 5 Fr micromanometer tip catheter were placed in the ascending aorta, proximal to the balloon, for aortic pressure and central blood volume measurements. The experimental protocol was similar to the studies described for angiotensin and vasopressin. Mechanical hypertension was produced by inflating the balloon with normal saline to increase arterial pressure 25% and 50% above control. Baseline hemodynamics, total and central blood volumes, and MCFP were measured. Mean aortic pressure was then increased 25% above baseline. After 15 min of stable pressures all measurements were repeated. Mean aortic pressure was then increased 50% above baseline. Again, after 15 min all measurements were obtained. In addition, at 50% increase in pressure arterial and venous compliances were obtained as described above.
This protocol was approved by the animal research committees of the Tucson Veterans Administration Hospital and the University of Arizona. Specific attention was given to the appropriateness and welfare of the animal model, the adequacy of anesthesia and to the methods of instrumentation. During the measurement of MCFP, cardiac electrical activity resumed spontaneously within 10 s in all animals, no seizures occurred and there was no evidence ofpain or suffering as defined in the Federal Animal Welfare Act and in accordance with the National Institutes ofHealth Guide for care and use oflaboratory animals.
Statistical analysis
Data are expressed as mean±standard error of the mean. Student's t test for paired values was used to compare each intervention with the appropriate baseline value. Repeated measure analysis ofvariance was used to compare serial measurements to control with the balloon inflation. To compare values between groups, analysis of variance was used. Venous compliance was determined by regression analysis using the method of least squares.
Results
Effects of angiotensin on hemodynamics. The changes in hemodynamics resulting from 25% and 50% increases in mean aortic pressure with angiotensin are shown in Table I . With a 25% or 50% increase there were no changes in heart rate, right atrial, and pulmonary artery pressures. With a 25% increase, left ventricular end-diastolic pressure increased from 3.6±0.9 to 5.9±1.0 mmHg (P < 0.02), dP/dt increased 10% (P < 0.02), and systemic vascular resistance increased from 0.49±0.02 to 0.61±0.03 mmHg min/kg * ml (P < 0.01) with no changes in cardiac output. With a 50% increase in aortic pressure, left ventricular end-diastolic pressure increased to 10.5±1.6 mmHg (P < 0.01), left ventricular dP/dt increased 17% (P < 0.01) while cardiac output decreased 9.3% (P < 0.01). The result was an increase in systemic vascular resistance. Thus, with the 50% increase in aortic pressure there was a fall in cardiac output compared with no change with the 25% increase in pressure.
Effects of vasopressin on hemodynamics. The changes in hemodynamics resulting from 25% and 50% increases in aortic pressure are shown in Table II . With a 25% or 50% increase there were no changes in heart rate, right atrial, and pulmo- nary artery pressures. With a 25% increase in aortic pressure, left ventricular end-diastolic pressure increased from 3.5±0.7 to 5.6±0.8 mmHg (P < 0.01) and dP/dt increased 8.4% (P < 0.01). Cardiac output decreased 19% (P < 0.01). The result was an increase in systemic vascular resistance from 0.48±0.05 to 0.71±0.05 mmHg min/kg ml (P < 0.001). With a 50% increase in aortic pressure, left ventricular end-diastolic pressure increased to 7.1±1.4 mmHg (P < 0.02), left ventricular dP/dt increased 17% (P < 0.02), while cardiac output decreased 22% (P < 0.02). The result was an increase in systemic vascular resistance. Thus, there was a decrease in cardiac output with both the 25% and 50% increase in aortic pressure.
Effects of angiotensin on the arterial and venous circulations. There was a graded increase in MCFP during both increases in pressure (Tables III and IV) . Venous compliance decreased from 2.0±0.1 to 1.5±0.1 ml/mmHg. kg (P < 0.01). The correlation coefficients for each of the MCFP-blood volume relationships were r = 0.999 and r = 0.996, respectively. Resistance to venous return increased with both increases in aortic pressure. The shift in venous compliance was not associated with any changes in total blood volume or unstressed vascular volume. Central blood volume increased from a baseline value of 20±1 to 25±1 ml/kg (P < 0.001) with 25% and to 24±1 ml/kg (P < 0.01) with the 50% increase in aortic pres- sure. In both instances this represented a 25% increase from baseline in spite ofthe differences in afterload. Arterial compliance decreased with the increase in aortic pressure. Thus the major change in the venous circulation was venoconstriction manifested as a change in venous compliance.
Effects of vasopression on the arterial and venous circulations. There were small increases in MCFP during both increases in pressure (Tables V and VI) . Venous compliance did not change in spite of the 50% increase in aortic pressure, 2.0±0.1 vs. 1.8±0.1 ml/mmHg kg. The correlation coefficients for each ofthe MCFP-blood volume relationships were r = 0.999 and r = 0.997, respectively. Resistance to venous return increased with both infusions. These changes were not associated with any changes in total blood volume, unstressed vascular volume, and central blood volume. Arterial compliance decreased with the increase in aortic pressure. In summary, vasopressin increased resistance to venous return with no venoconstriction.
Comparison of angiotensin, vasopressin, and balloon occlusion. With all three interventions, there were comparable changes in aortic pressure (Fig. 2) . The changes in cardiac output, MCFP, venous compliance, and central blood volume 
Discussion
The results of this study show that when afterload was increased mechanically, cardiac output was maintained. When afterload was increased with angiotensin or vasopressin, cardiac output decreased depending on the elevation of aortic Values are mean±SE in seven splenectomized dogs. * P < 0.02; $ P < 0.01 compared to baseline values. afterload in these patients. Because of clinical investigations that focus on the use of vasodilating agents to decrease afterload, vasodilating agents have become the mainstay of therapy for patients in heart failure (8, 13) .
The present study was performed to evaluate how increases in afterload produced by an increase in aortic pressure with these agents may affect the cardiovascular system. Specifically, we focused on the effects of these agents on the venous circulation. In clinical studies, changes in central venous pressure have been equated with changes in venous tone. However central venous pressure is affected by heart rate, chamber stiffness, afterload, and contractility and does not reflect changes in the venous capacitance system. With the methods used in the present study, changes in the venous capacitance system were obtained by measuring mean circulatory filling pressure, vascular compliance, and unstressed vascular volume. These concepts and their role in the regulation ofcardiac output have been reviewed (14, 15) .
The changes in baseline hemodynamics with angiotensin are consistent with previous reports (3). As aortic pressure increased, there was a tendency for heart rate to increase but this was not statistically significant. Although left ventricular dP/dt increased, this was probably the result of an increase in afterload and not an increase in intropic state because dP/dt also increased with vasopressin and balloon inflation. In addition, previous investigators have shown that angiotensin does not shift the end-systolic pressure-volume relationship (2) . Mean circulatory filling pressures and resistance to venous return increased with both increases in aortic pressure. However, the venoconstriction with a 25% increase in aortic pressure was adequate to maintain cardiac output and stroke volume. Venoconstriction probably occurred from an increase in smooth muscle tone. This resulted in a decrease in venous compliance with no change in unstressed vascular volume. Central blood volume and left ventricular end-diastolic pressure increased. With greater increases in aortic pressure (50%) the venoconstricting effects of angiotensin were not adequate to overcome the increase in resistance to venous return. The result was no additional increase in central blood volume or preload, so cardiac output decreased because of the preloadafterload mismatch (2, 9) .
Increases in afterload with vasopressin caused no significant change in right atrial, mean pulmonary artery and pulmonary artery wedge pressures. Previous workers have shown that in reflex intact animals, vasopressin infusions will not increase aortic pressure (16, 17) . Because our animals were ganglion blocked, an increase in aortic pressure was easily achieved. Similarly the slight but not significant fall in heart rate may represent a direct effect on the heart. In contrast to angiotensin, with both vasopressin infusion doses there was a significant decrease in cardiac output and no change in central blood volume. Similar decreases in cardiac output with vasopressin have been reported by others (16, 17) . The fall in cardiac output can be explained by the effects of vasopressin on the peripheral circulation. Vasopressin produced no significant changes in mean circulatory filling pressure, venous compliance and unstressed vascular volume. This coupled with the increase in resistance to venous return and afterload, resulted in a fall in cardiac output even with a 25% increase in aortic pressure ( 18) .
To evaluate the possibility that these peripheral circulatory changes with angiotensin and vasopressin may have been secondary to the increase in aortic pressure we produced mechanical arterial hypertension and repeated the same studies. A specially designed balloon catheter, placed percutaneously in the descending aorta above the splanchnic bed, was used to increase mean aortic pressure. With mechanical hypertension cardiac output was maintained, while central blood volume increased. There were no changes in any of the venous circulation parameters including resistance to venous return. Our data are consistent with the classical studies of Herndon and Sagawa (1) and Stokland et al. (19, 20) . These investigators showed that cardiac output was independent ofafterload up to a mean aortic pressure of 180 mmHg (1) . As afterload increases there is a redistribution of cardiac output and left ventricular filling is maintained (19) . Left (22) . A redistribution of cardiac output away from the splanchnic bed or long time-constant system would result in passive drainage of blood to maintain cardiac output (23, 24) .
All of these changes in the venous system occurred with similar effects of these interventions on the arterial circulation. In each instance the increase in aortic pressure was associated with a decrease in arterial compliance and volume shifts into the arterial circulation depending on the level of the increase in pressure. Since the arterial circulation contains a relatively small amount of blood compared to the venous circulation, it is difficult to imagine that changes in the arterial system are responsible for the blood volume shifts that determine preload. It should be emphasized that these studies were performed in ganglion-blocked dogs with normal cardiac and peripheral circulatory hemodynamics. In the presence of congestive heart failure with intact reflexes the effects may be different.
In conclusion, we have defined the effects of angiotensin and vasopressin on the heart and the peripheral circulation. These changes in the peripheral circulation can be used to explain the changes in cardiac output seen with the infusion of these agents. Finally, these peripheral circulatory changes are independent of the mechanical effects of a pressure increase in the arterial circulation. 418 Leeetal.
